Introduction
Since its first description seven decades ago, 1,2 the SaethreChotzen syndrome (SCS) [MIM 101 400] has been well delineated as an autosomal dominant craniosynostosis syndrome of variable expression. 3, 4 While early descriptions established the diagnosis on the basis of phenotype and pedigree studies, molecular genetics offers the oppor-tunity to support the clinical diagnosis by mutation analysis of the TWIST 1 gene located on human chromosome 7p21. 5 -7 TWIST genes have been recognized as phylogenetically highly conserved genes encoding transcription factors, which probably influence other target genes involved in the induction of mesodermal tissues and cytokine expression through the NF-kB signal pathway. 8 -11 There is also a connection to the FGF/FGFR cascade. 12 Recently, an interaction between a C-terminal domain called TWIST box and the Runx2 pathway has been demonstrated to play an important role in osteoblast differentiation. 13 Therefore, the TWIST box probably has to be added to the known important functional domains, that is, the DNA binding domain and the helix -loophelix (HLH) motif. 12 The SCS phenotype was found exclusively related to sequence changes within the first coding exon of TWIST 1, and haploinsufficiency of the gene was suggested as the underlying pathogenetic principle. 7, 14 The clinician is faced with considerable phenotypic variation and some overlap with other syndromes, in particular with Muenke coronal synostosis [MIM 602 849] , which is caused by a single recurrent mutation Pro250Arg in exon 7 of the FGFR3 gene. 15 -17 The differentiation between these closely related clinical entities requires considering the entire spectrum of phenotypic features, particularly those with therapeutic implications. The present investigation was aimed at the delineation of an entire spectrum of anomalies in TWIST-related SCS with emphasis on their functional significance, and attempts to establish criteria separating SCS from other entities of coronal craniosynostosis.
Methods of investigation
For the present study, we selected patients presenting with anterior plagiocephaly or brachycephaly due to uni-or bilateral coronal synostosis. If possible, first-degree relatives were examined as well. Subjects harboring a point mutation in the FGFR1 or FGFR2 gene 18 or the mutation specific for the Crouzon phenotype with acanthosis nigricans (n ¼ 2) were not considered. Also, three patients affected with microscopic visible chromosomal deletions of the 7p21 region were excluded. The remaining 178 subjects were first classified according to their primary phenotypic diagnosis: SCS, Muenke's syndrome, 16, 19 and undefined syndromes including nonsyndromic craniosynostosis (Table 1) . The SCS phenotype was defined according to the generally accepted criteria: 20, 21 uni-or bicoronal synostosis, low-set frontal hairline, ptosis of eye lids, small palpebral fissures, prominent helical crura, digital webbing between second and third fingers, and a broad great toe with or without valgus deformity, or a bifid endphalanx on radiographs. 22 The phenotypic diagnosis of Muenke's syndrome was based on the following features: uni-or bilateral coronal synostosis, brachydactyly, mental retardation, and sensorineural hearing deficit. 16, 19 Clinical examination Examination by at least one of the authors (WK, CS, GL, BP, HC) was supplemented by repeated photographic documentation. Syndromic features were defined according to standard criteria of the literature, using quantitative anthropometry for stature, 23 head circumference, interorbital distance, and ear length. 24 In addition, neurological, ophthalmic, and ENT evaluation as well as neurodevelopmental screening was performed by specialized team members. Plain radiographs of the skull and the cervical spine as well as CT scans and MR images were taken from most patients. Radiographs of the hands and feet were available in a subset of the group. Intracranial hypertension was defined by the presence of papilledema or by an intracranial baseline pressure exceeding 20 mmHg as registered by an epidural transducer during two night cycles.
Surgery and postoperative follow-up
Operative treatment was carried out in the majority of individuals and usually consisted of a forehead advancement procedure, supplemented by an extended cranial expansion in several patients suffering from overt intracranial hypertension. The age at first surgery varied from 2 months to 10 years, the median age being 15 months. Follow-up studies were performed in most subjects until late adolescence, and focused on recurrent intracranial hypertension, psychomotor development, and other If a marker was not informative in a family, it was indicated by a question mark in Table 3 ; the smallest and largest possible size of a deletion was calculated from the distance of an informative marker relative to the TWIST 1 gene.
In family No. 38, a polymorphism in the polyglycine stretch of TWIST 1 gene was detected during sequencing (mother and daughter carried a 244insGGC) and subsequently used to show loss of heterozygosity.
Results

DNA analysis subdivided patients into four groups
Group 1A: Patients carrying missense mutations within the basic HLH (bHLH) domain of the TWIST 1 gene 7, 14 or stop/frameshift mutations outside the bHLH domain, or large deletions spanning the entire gene. Group 1B: Patients with sequence variations of the TWIST 1 gene, which did not meet the criteria of group 1A.
Group 2: Patients with the Pro250Arg substitution in the FGFR3 protein.
15,16
Group 3: Patients without detectable mutations within FGFR1 -3 and TWIST 1. As mentioned above, patients with mutations in FGFR1 and FGFR2 had been excluded before.
A detailed analysis of mutations and re-assessment of the corresponding phenotypes revealed the following findings.
Group 1A: Within this group, a total of 24 different mutations were identified located at various sites of the HLH domain (n ¼ 14), the DNA binding region (n ¼ 3), and the N-terminal part of the TWIST 1 gene (n ¼ 7) ( Table 2) . We identified 13 novel mutations since the surveys of Gripp et al, 7 Elanko et al, 25 and Cai et al. 26 In addition, six deletions of the entire gene region were detected (Tables 2  and 3 ). The 70 individuals of this group represented 38 independent pedigrees, and were divided up into 54 familial and 16 sporadic cases. In seven of the latter, the de novo origin could not be confirmed, as at least one of the parents was not available for molecular testing. There was one family carrying two separate point mutations on the same allele (pedigree No. 20; Table 2 ). Group 1B: This group consisted of five sequence variants, but only one of them was associated with a clearcut SCS phenotype. This female patient (pedigree No. 36; Table 2 ) carried a novel missense mutation in a motif called TWIST box containing codons 183 -202 of the TWIST 1 gene. 13 She presented with typical clinical signs of SCS including plagiocephaly, progressive sutural fusion, intracranial hypertension, enlarged parietal foramina, low frontal hairline, blepharophimosis, prominent helical crura, and digital webbing, while ptosis and bifid great toe were absent. In addition to forehead advancement, at the age of 13 months she required cardiac surgery for a large ventricular septal defect. Until age 14 years, she had experienced a few epileptic seizures, and her mental performance was considered borderline although she attended a regular school.
(GGC) 5 GCG(GGC) 5 repeat variations within TWIST 1 (c. 244 -276) 25 were incidentally detected during genetic screening. Three in-frame deletions within the 5 0 -DNA binding domain were phenotypically associated with isolated oxycephaly (pedigree No. 7), with normal phenotype in a mother of a patient with isolated trigonocephaly (pedigree No. 8), and with a Crouzon genotype due to an Arg768Gly substitution in exon 17 of FGFR2 in male twins and their non-affected mother (pedigree No. 9). A boy with isolated scaphocephaly and his healthy mother (pedigree
No. 37) had a point mutation at the very 3 0 -edge of the TWIST box. These four cases were considered to represent non-disease-causing polymorphisms.
Inter-and intrafamilial phenotypic expression of TWIST 1-related SCS was highly variable (Table 2) : While 62 of all 71 patients presented with typical features of SCS, nine cases of very mild expression had not been appreciated through inspection alone, and three of them only by means of pedigree analysis. Conversely, no subject presented with a phenotype suggestive of Crouzon's, Pfeiffer's, or Apert's syndrome.
In addition to the commonly reported phenotypic criteria, we noted some features that contribute to a comprehensive spectrum of clinical signs (Table 4) . These additional features included (1) a wide gap at the sagittal suture during infancy similar to that known from the Refers to a polymorphism in the polyglycine stretch of TWIST 1 gene (M and C had 246insGGC).
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Apert's syndrome, which eventually closed to result in complete fusion before the age of four (Figure 1a and b) , and (2) multisutural fusion including the lambdoid suture as detected in 53% of subjects (Figure 1c ). This latter finding corresponded to a surprisingly high rate of intracranial hypertension, which was proven in 35% of patients at a median age of 30 months. Papilledema was the most common sign, and was detected in 19 patients while epidural pressure monitoring was diagnostic in five others. Elevated intracranial pressure was successfully controlled by a variety of cranial expansion procedures, although 18% of surgically treated patients required a second procedure because of recurrent intracranial hypertension. Five patients not treated in time eventually developed significant visual loss due to irreversible optic nerve damage. One of these patients turned blind. Other causes of elevated intracranial pressure such as hydrocephalus were not encountered.
A total of 37% of subjects presented with a head circumference two standard deviations below average. Stature and mental development were usually within normal limits. Even those six subjects with complete loss of one TWIST allele were mentally normal. There was no instance of sensorineural hearing deficit while conductive hearing deficit due to recurrent middle ear effusions was a common and significant problem.
In order to arrive at a clinical diagnosis of SCS, we found the following anomalies to be most helpful: ear length below two standard deviations of the norm, 24 enlarged parietal foramina (i.e. 45 mm diameter) (Figure 1d ), interdigital webbing, and a broad hallux or hallux valgus with a bifid or duplicated distal phalanx on radiographs (Table 5 ) (Figure 2 ). A total of 87% of evaluable subjects with SCS presented with at least one of these signs, and 53% exhibited two or more. None of these signs was observed in either Muenke's syndrome or nonsyndromic coronal synostosis except one single patient without a detectable mutation, who presented with bifid hallux (see below). In addition, ptosis of the eyelids severe enough to warrant surgical treatment was noted in 13 patients, whereas patients with Muenke's syndrome had mild ptosis at most. A low-set frontal hairline was considered typical for SCS patients, provided that ethnic variation was taken into account. Group 2 (Pro250Arg in FGFR3): A total of 42 subjects carried the Pro250Arg exchange in the gene product of FGFR3. They represented 13 sporadic and 29 familial cases within 24 independent pedigrees. Clinical features consisted of uni-or bilateral coronal synostosis, a bulging forehead during infancy, marked temporal bulging, hypertelorism in nearly half of the patients, downslanting palpebral fissures, mild ptosis of eyelids, mild midface hypoplasia, and high arched palate. Additional features included brachydactyly of hands and feet, sensorineural hearing deficit, and also conductive hearing deficit due to recurrent middle ear effusions, and mental retardation ( Table 5 ). As with the SCS patients, the phenotypic expression of Muenke patients varied considerably, ranging from a striking deformity to an essentially normal appearance even within the same pedigree.
Few affected subjects of this group had been identified by means of classical syndromology. Confusion with TWIST 1-related SCS frequently occurred prior to the detection of this particular mutation of FGFR3, and was due to an overlap of some phenotypic features such as hypertelorism, mild eyelid ptosis, anti-mongoloid slant of palpebral fissures, and brachydactyly. In contrast to TWIST 1-related SCS, clinically significant ptosis was not encountered in any of the Muenke patients. The major differences between the two entities relate to intracranial pressure and brain Only two Muenke's syndrome patients presented with an equivocal finding of increased dural tension during surgery, while no instance of papilledema or optic nerve atrophy was encountered. Progressive craniosynostosis involving at least the sagittal suture was found in a considerable number of patients. The lambdoid suture was affected in three of the patients as well. However, in Muenke's syndrome patients, these abnormalities appeared at a later age (median age 7 years; range 4 -16 years) than in SCS (median age 4 years; range 8 months to 12 years). Mental retardation occurred in roughly one-third of evaluable Muenke's syndrome patients, and generally was of mild to moderate degree in all but two who had severe deficits. Sensorineural hearing deficit was an exclusive feature of Muenke's syndrome in the present series (Table 5) . Group 3 (coronal synostosis without identified mutation): In 61 independent pedigrees (65 individuals), molecular screening failed to detect any mutation at the hot spots of the investigated genes, that is, FGFR1 and FGFR2, TWIST 1, and the Pro250Arg mutation in FGFR3. Since associated anomalies were actually absent in most cases, classification as an isolated nonsyndromic craniosynostosis phenotype appeared justified in those patients (Table 1) . Nevertheless, as expected from the limitations of our genetic screening methods, this group included a number of patients who met the criteria of syndromic, yet unclassified craniosynostosis. Three patients exhibited some features of SCS Figure 1 phenotype including mild ptosis (n ¼ 2), brachydactyly (n ¼ 2), and duplicated distal phalanx of the great toe (n ¼ 1). Another patient was misdiagnosed as Muenke's syndrome because of associated mental retardation, and nine patients were affected with a variety of other unclassified syndromes including two cases with a Pfeiffer's syndrome phenotype. Also, there were four instances of familial isolated coronal synostosis. Intracranial hypertension due to craniostenosis was found in three patients with a phenotype of isolated synostosis, one of them developing papilledema. Craniosynostosis proceeded to involve the sagittal suture, and sometimes the lambdoid suture as well, in 36% of these patients at a median age of 87 months.
Inner ear function was normal in all of these patients, and 11% showed various degrees of mental retardation.
Discussion
A multitude of different TWIST 1 gene mutations is associated with the SCS phenotype. All point mutations are located within the first coding exon, and most of these affect the DNA binding and the HLH domains, which until recently have been considered the main functional domains. 7 Extending the surveys of Gripp et al, 7 Elanko et al, 25 and Cai et al, 26 we add 14 novel point mutations and six large deletions including the entire TWIST 1 gene ( Table 2 ) that are associated with the SCS phenotype. Since different mutations like missense mutations, nonsense mutations, insertions, and whole-gene deletions result in similar phenotypes, haploinsufficiency is the likely diseasecausing mechanism. 6, 7 In fact, many mutations associated with SCS abolish normal translation of the coding region. This is in contrast to the Muenke's syndrome, where the only recurrent mutation in the FGFR3 gene, Pro250Arg, results in a gain of function. 27 The novel missense mutation Phe187Leu in the 3 0 -HLH region (pedigree 36) is located within a highly preserved motif called TWIST box, 13 the binding region for the transcription factor Runx2 at which the anti-osteogenic function of the TWIST genes is exerted. To our knowledge, this is the second reported mutation within this domain causing a classic SCS phenotype. 7 Remarkably, the Ser201-Tyr exchange (pedigree 37) at the 3 0 -edge of the TWIST box in our pedigree 37 is obviously a rare polymorphism, which we did not find in more than 500 sequenced DNA samples. This exchange occurred in a boy with simple scaphocephaly and in his healthy mother without craniosynostosis.
Several sequence variations within the N-terminal part of the TWIST 1 gene (in front of the DNA binding domain) have been recognized as non-disease-causing polymorphisms. Elanko et al 25 have provided arguments in favor of such polymorphisms within a polyglycine stretch beginning at cDNA position 244, which fit to our pedigrees with in-frame deletions affecting this gene region. The specificity of the genotype -phenotype correlation in SCS has been challenged by cases presenting with features of Crouzon, Baller -Gerold, or Robinow -Sorauf phenotypes carrying mutations in the TWIST 1 gene. 26,28 -30 In the present series, TWIST gene mutations were exclusively associated with a typical SCS phenotype, albeit of quite variable expression. Not a single patient presented with the classical SCS phenotype without carrying a TWIST 1 gene mutation. Because of the phenotypic overlap, some authors have suggested to combine SCS and Muenke's syndrome into a single entity presenting with a broad phenotypic spectrum. 17 In view of the striking differences Intracranial hypertension in SCS, obviously related to progressive synostosis, has not widely been appreciated as a prominent feature even though elevated intracranial pressure had been mentioned in the early descriptions of the SCS. 2, 20, 31 The proportion of cases with elevated intracranial pressure in the present series is comparable to the situation in Apert patients. 32 With respect to mental performance, carriers of TWIST mutations in the present series did not differ from the average population. 20 Contrary to other authors, 33, 34 we found that even deletions of the entire TWIST gene did not adversely affect cognitive function in our SCS patients. Compared to three deletion cases reported by Johnson et al, 33 the size of the deletions in our patients appears to be smaller, particularly in the 3 0 -direction (Table 3) , but further analysis is necessary. In the Muenke's syndrome, mental impairment ranging from mild to severe has been reported a common feature. 16, 19 Sensorineural hearing deficit was exclusively noted in our patients with Muenke's syndrome, and has only rarely been reported in SCS. 35 In summary, our study suggests that with regard to clinical management and genetic counselling, patients with putative SCS or Muenke phenotypes would benefit more from splitting than from lumping. Our own patient series suggests that the prevalence of SCS, Muenke's syndrome, and isolated coronal synostosis may not differ very much from each other. FGFR-associated craniosynostosis has a high de novo mutation rate of about 50% with exclusive paternal origin, 36 whereas only a third of all TWIST-associated SCS cases seem to be caused by de novo mutations. Considering the wide range of phenotypic variability, the clinical suspicion of SCS should be confirmed by molecular analysis. However, in clinical practice, a preliminary diagnosis is possible on the basis of the most specific features and pedigree analysis. Once the diagnosis has been established, particular attention should be paid to intracranial hypertension, recurrent middle ear effusions, impending amblyopia resulting from ptosis, tear duct stenosis, and airway obstruction. Vertebral fusions and scoliosis might be present as well. Long-term surveillance should continue until adolescence and should include ophthalmoscopy in 3-month intervals even after successful skull surgery. Annual skull X-rays should be taken in order to detect progressive sutural fusion, which is associated with an increased risk of intracranial hypertension. In doubtful cases, intracranial pressure monitoring is recommended.
